Most living organisms that ever existed on Earth have left no descendants. Because introgressions and lateral gene transfers are frequent, some of these extinct lineages have impacted the evolution of extant species and their ancestors. As a consequence, ignoring extinct lineages in evolutionary studies can lead to spurious conclusions. Here we present Zombi, a platform to simulate the evolution of species, genes and genomes taking extinct lineages into account. We demonstrate its utility by testing a statistical inference method used to detect introgression and show that ignoring the presence of extinct lineages yields inconsistent results.
Introduction
Platforms to simulate evolution in silico are frequently used to test statistical inference methods, providing a controlled scenario in which complete information on the patterns and processes of evolution is available. In the last decades, a large number of simulators have been developed to model a wide range of complex evolutionary scenarios (Carvajal-Rodríguez, 2008 , 2010 GSR, n.d.) , but none so far have considered the existence of extinct lineages and the horizontal transmission of genes (lateral gene transfer or introgressions) involving species that are not represented in the phylogeny (Fournier, Huang, & Gogarten, 2009; Szöllősi, Tannier, Lartillot, & Daubin, 2013; Zhaxybayeva & Peter Gogarten, 2004) . Here we present Zombi, a platform to simulate the evolution of genomes in silico , that considers that not all species in the simulation have survived until the present time and the horizontal transmission of genes among all lineages in the phylogeny, including extinct lineages. We demonstrate that the presence of extinct or unknown species can be decisive for scientific conclusions involving non vertical inheritance by revisiting a particular method of detection of introgression, which becomes misleading when dead lineages are ignored.
The Zombi simulator
Zombi has three main modes that are used to simulate different entities: species Trees ( T ), Genomes ( G ) and Sequences ( S ).
The T mode simulates a species tree under the birth-death model (Kendall, 1948) , using the Gillespie algorithm with exponential waiting times (Gillespie, 1977) . The species tree generated is called the "Complete Species Tree" (CST) and it contains all lineages that have ever existed in the simulation. This tree is subsequently pruned to obtain the "Extant Species Tree", by removing all the lineages that did not survive until the end of the simulation (Figure 1a ).
The G mode simulates the evolution of genomes along the branches of the CST (Figure 1b) . Genomes are circular and comprised of a variable number of genes ordered along the chromosome. The simulation starts with a single genome, with an initial number of genes determined by the user. Each gene has an orientation (+ or -) that is determined randomly and representing the direction of the coding strand. All genes in the original genome are considered to have an evolutionary origin independent of each other, belonging to different gene families. The genomes evolve along the branches of the CST by undergoing six possible genome-level events: duplications, losses, inversions, translocations,transfers and originations, which are described below. These events affect a variable number of contiguous genes that is sampled from a geometric distribution with parameter p (specific for each kind of event). Duplications insert the new duplicated segment next to the ancient segment. Inversions revert the order of the genes in the segment by changing the current orientation of each gene. Translocations change the position of a gene or a given group of genes to a new position determined by an uniform distribution. Losses remove genes from their present genome. Transfers events place a copy of a gene from the donor lineage in the recipient lineage. The recipient genome is determined by randomly sampling from all the alive lineages contemporary to the donor lineage. If the gene or group of genes transferred find an homologous equivalent in the recipient genome, a replacement transfer can take place with a probability determined by the user. New gene families can also appear by means of origination, an event in which a new gene is inserted in a random position of the genome determined by an uniform distribution. At each speciation event, two identical copies of the genome are created and start evolving independently in the descending branches. For example, a duplication takes place between the IG and R (Root) affecting the red gene. A transfer event takes place between the branch leading to n8 (that goes extinct) and the branch leading to n6, affecting the green gene. The inversion event affects three contiguous genes (green, blue and purple). C: in S mode, Zombi can be used to simulate codon, nucleotides and amino acids along the branches of the gene family trees. Here, the gene tree of the grey coloured gene family from B has been depicted.
The G mode outputs the structure of all the genomes at each node of the species tree (including the position in the genome of each gene and its orientation), a log of all the events that occurred (per gene family and per branch), and the individual gene trees for each gene family, with and without the lineages that did not survive until the end of the simulation. Reconciled gene trees with the species tree can also be output in the RecPhyloXML reconciliation standard (Duchemin et al., 2018) .
The S mode simulates gene sequences (at either the codon, nucleotide or protein level) (Figure 1c ). For this, Zombi resorts to the Python library Pyvolve (Spielman & Wilke, 2015) , that takes as an input a gene tree and simulate the evolution of genes along the branches of this tree. The user can control also the scaling of the tree, to have a better control on the number of substitutions that take place per unit of time.
Zombi includes additional functions to compute species phylogenies with variable speciation and extinction rates, sample a fraction of the total number number of extant lineages, create phylogenies with a fine control of the number of lineages per unit of time ( Figure S1 ), compute genomes on species trees input by the user, compute genomes with branch-wise rates and model the heterogeneity in the substitution rate along different branches of the species tree and different gene families.
Performance
To measure the performance of Zombi we simulated datasets with varying number of species (extinct and extant) and the size of the genome (number of genes) at the beginning of the simulation ( Figure S4 ). On a 3.4 GHz Intel Core i5 processor, Zombi can simulate the genomes of around 500 genes for 15,000 species in less than 10 minutes.
Use case and importance of modelling extinct lineages
Some of the existing methods to detect non-vertical inheritance (Durand, Patterson, Reich, & Slatkin, 2011; Fontaine et al., 2015; Pease & Hahn, 2014) do not consider the importance that extinct lineages can have. To illustrate a use of Zombi we tested the validity of one of these methods (Fontaine et al., 2015) , used earlier to detect introgression-free genes, thought to be good markers for retrieving the phylogeny of extant species. The rationale behind the approach is depicted in Figure 2 . For three species or clades (A, B and C), if introgression occurred within these three groups (Fig 2, cases 1 and 2 ), it will not only change the topology of the introgressed gene trees, but also decrease the branch lengths in the trees (T1 and T2). Consequently, under this assumption, trees with high T1 and T2 are expected to represent genes that were not introgressed and thus display a topology similar to the species tree topology. However, if introgression occurs between the three groups and extinct lineages (or unsampled ones, Figure 2 , cases 3a and 3b), the expectations are opposite. In this case, introgression is expected to increase T1 and T2, and the genes that were not affected by introgression (and are thus topologically similar to the species tree) are those with the smaller T1 and T2 values. Illustration of the use of branch lengths (T1 and T2) to detect introgression. In the classical view introgression is only considered to take place among the species considered (cases 1 and 2) and results on average on a decrease of branch length in genes that have been introgressed. If we consider that an unsampled or extinct lineage is the source of the transfer (cases 3a and 3b), then the result of the introgression is an increase of branch length as compared to non-introgressed genomic regions. This can cause confusions in studies relying on this approach to tease apart introgressed and non-introgressed genomic regions.
To go further and verify these assumptions, we simulated with Zombi two species trees, one with extinct lineages and the other without them (but same tree of extant species), and simulated the evolution of genomes along their branches (Figure 3a 3b ). We then chose three clades (A, B, C) and computed the mean branch length between all the genes supporting each of the three possible topologies for the three clades (Figure 3c and 3d) , following the approach used in Fontaine et al (2015) . We observed that when extinct lineages were not considered, the correct species tree was indeed supported by gene trees with the statistically highest T1 and T2 (Fig 3c) . However, under the more realistic scenario where extinct lineages were considered, the correct species tree was the one supported by genes with the smallest T1 and T2 (Fig 3d) . Thus detecting the correct species tree based on this test leads to opposite conclusions depending on the existence (or not) of extinct (or hidden) lineages. This experiment shows how Zombi can be used to test an evolutionary hypothesis in silico and illustrates the importance of considering lineages not directly represented in the phylogeny. Use of Zombi to re-evaluate a method aiming at detecting introgression-free genes in phylogenomics . The evolution of genomes (3000 genes) was simulated on two trees, one with only extant species ( A ), the other with all species (the Complete Species Tree, B ). Mean T1 and T2 were computed for all genes supporting each one of the three possible topologies (orange, green and blue trees).The true topology (orange) is the one supported by the trees with the highest mean T1 and T2 when considering only extant species ( C ), but when considering also extinct lineages ( D ), the gene trees with the highest T1 and T2 support instead an incorrect topology. One-tailed t-test p-values: * < 0.01; ** < 0.001; *** < 0.0001. Vertical bars on the right of diamonds represent standard error.
Materials and Methods
The species tree with dead lineages was obtained using the Tp mode with a speciation and extinction rates of 0.15 and 0.09 respectively. The lineage number was set to 20 species for the 140 first units of times then to 3 species for the last 10 units with a turnover set to 0.05, which produces a complete tree of 119 species of which only 10 are extant (Figure 3b ). For the second tree without extinct lineages the extant tree from the precedent simulation (Figure 3a) was used with the Ti mode, which allows the user to input an ultrametric tree as the CST. Genome with an initial size of 3000 genes were made to evolve in both trees using the G mode. In both case all main events rates except for transfers were set to 0. The transfer rate was set to 5 for the tree with extinction and 10 with no extinction. The probability of replacement transfers was set to 1. The extension parameter of the transfer events was set to 1, meaning that every time that a transfer event takes place it affects only a single gene. The choice of the three clades A, B and C was arbitrary. Gene families were grouped according to which topologies they supported: either the topology reflecting the species history: ((A,B),C) or one of the two topologies resulting from introgressions, ((A,C),B) and ((B,C),A). For each of the three topologies for both sets of genes simulation, mean T1 and T2 was computed. Figure S1 . Fine control of the lineage number. Zombi can compute species tree using as input a list of times and the corresponding lineage number that should be attained by that time (in the example t 100 = 50; t 200 = 200; t 300 = 50; t 400 = 100). Zombi tries to attain the lineage number specified for each time interval given time with the given the speciation and extinction rates input by the user. At first, there is 1 living lineage and only speciations take place until the number of lineages = 50, number attained in this example when t~50. After that, and because time < 100, the number of lineages reaches an equilibrium in which there is a turnover of species controlled by a parameter also input by the user. Each time that a turnover event takes place two species are randomly sampled in the phylogeny. The first species speciates and the second one dies, keeping this way the total lineage number. The simulation continues until time = 400. In the right panel we can find the resulting species tree. Figure S2 . Computing time for different simulation in a computer with a 3,4 GHz Intel Core i5 processor. The rates used were Duplication rate: 0.2, Transfer rate: 0.2, Loss rate: 0.6, Origination rate:0.05, Inversion rate: 0.2, Translocation rate: 0.2. The initial genome was composed of 500 genes. All extension rates were set to 1. Species trees were obtained using by setting Speciation rate: 1 and Extinction rate: 0.5.
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